Abstract-The performance of orthogonal frequency division multiplexing ultra wideband (UWB) radio signals distribution in long-reach passive optical networks (LR-PONs) using conventional chirp-less Mach Zehnder (MZ) and linearized (L) Y-fed directional couplers electro-optic modulators (EOMs) is compared. Particularly, the optimum modulation index and the corresponding minimum optical signal-to-noise ratio (OSNR) required to achieve a bit error probability of 10 −12 are evaluated through numerical simulation for systems operating with single and three UWB sub-bands and different standard single-mode fiber (SSMF) distances indicated for LR-PONs. Both modulators are characterized experimentally and theoretical model parameters are adjusted to correctly describe the power and chirp characteristics of the electro-optic conversion in the simulation process.
I. INTRODUCTION

U
LTRA wideband (UWB) technology has been appointed as a promising solution to provide high data rates to short-range in-building wireless networks [1] . Recently, the increase of the UWB coverage area by using the optical fiber infrastructure to distribute UWB radio signals in longreach passive optical networks (LR-PONs), with distances up to ∼100 km, to the customer's premises has been proposed [2] . In the proposed scheme, the down-conversion and transmodulation at the customer's premises are avoided by using UWB signals in their native format and simpler electro-optic modulators (EOMs) are employed in order to save the cost. With this type of radio-over-fiber architecture, the end users benefit from the high data rate provided by optical fiber technology and the high flexibility provided by the coverage of the customer' premises with a wireless UWB technology. Although impulse radio and orthogonal frequency division multiplexing (OFDM) have been initially proposed as UWB signal formats [2] , nowadays OFDM is generally recognized as the most promising format and it is usually adopted by the low-cost UWB transceivers commercially available in the market. OFDM-UWB signals present inherent advantages as high flexibility to accommodate different users in a multi-band approach, possibility to adequate the data-rate to the channel conditions almost in real time due to the channel estimation provided by pilot sub-carriers, and the existing know-how on developing OFDM transceivers provided by the previous OFDM systems installed. In previous work, two effects have been identified as the main performance impairments of double sideband (DSB) OFDM-UWB radio signals transmission over LR-PONs compatible distances: the non-linear characteristic of the electrooptic conversion and the power fading induced by the fiber chromatic dispersion [3] . While the degradation caused by the former can be minimized by adjusting the electrical power level of the OFDM-UWB signal applied to the modulator, the degradation due to the power fading can be reduced by using single sideband (SSB) signals or by taking advantage of adding proper chirp to the signal in order to, combined with fiber dispersion, change the power fading characteristics and reduce the system degradation. The phase noise induced by the Kerr effect, the signal distortion due to the fiber nonlinearities and the phase noise of the laser source also contribute to performance degradation [4] . However, these effects only reach a major relevance when more complex (and expensive) systems employing SSB rather than DSB OFDM-UWB signals are used and when high optical average powers are launched into the fiber.
In this work, two external modulators, namely, a conventional (chirp-less) Mach-Zehnder (MZ) and a linearized (L) two section Y-fed directional coupler (chirped) modulators [5] , are experimentally and analytically characterized and the performance of OFDM-UWB radio signals distribution over different fiber lengths indicated for LR-PONs using both EOMs is assessed by numerical simulation. Particularly, the optimum modulation index and the corresponding minimum optical signal-to-noise ratio (OSNR) of both systems are evaluated for OFDM-UWB signals transmitted in the three UWB sub-bands with lower frequencies (as most of the current commercial UWB devices operate in these frequencies) and the advantages of using the L-EOM when compared with the MZ-EOM are highlighted.
II. MODULATORS CHARACTERIZATION
In this section, the EOMs are characterized experimentally and theoretically in order to adjust the parameters of the EOM theoretical models to experimental data. The characterization is focused on conventional Mach-Zehnder and linearized two section Y-fed directional coupler modulators and it includes power and chirp characteristic estimates. Two different experimental setups have been implemented: a first one, used to measure the static power characteristic of the EOMs, and the second one used to measure the frequency response of the system in order to characterize the chirp of the EOMs. Fig. 1 (a) and 1(b) depict the experimental setups used to measure the power characteristic of the EOMs and the frequency response of the system, respectively. In Fig. 1(a) , the optical power level at the MZ/L modulator output is measured for different bias voltage levels, V b . In Fig. 1(b) , an Agilent 8510C network analyzer (NA) generates a sinusoidal waveform, sweeping from 45 MHz up to 25 GHz, that is then applied to the (MZ or L) modulator. In the optical part of the setup, the laser generates a continuous wave signal with an average optical power of 0 dBm and with the optical wavelength set to 1556 nm. The signal polarization is adjusted by a polarization controller and, after the EOM, the optical signal is launched through 100 km of standard single mode fiber (SSMF) with a dispersion parameter of 17 ps/nm/km. An erbium doped fiber amplifier (EDFA) stage after 50 km of fiber is used to compensate for the fiber losses. The received signal is photodetected by a 50 GHz positive-intrinsic-negative (PIN) and the photocurrent is sent back to the NA to get the frequency response of the system setup. In order to remove the frequency limitations of the optical transmitter and receiver in the frequency response measured, the frequency response without fibre (back-to-back configuration) is first recorded as reference. The frequency response measured with fibre transmission is then obtained by dividing by that reference.
The chirp of the EOMs is evaluated using the procedure proposed in [6] . In that work, a simple model allowing the estimation of the chirp parameter of the EOM in intensity modulated transmitters is proposed. From the analysis presented in [6] , the resonance frequency, f u , corresponding to the u-th zero of the frequency response of the system satisfies:
where L is the length of the fibre used in the setup, D is the fiber dispersion parameter, λ is the operating wavelength, c is the speed of light in vacuum and α is the chirp parameter of the EOM. By measuring the resonance frequencies from the frequency response obtained theoretically or experimentally, eq.
(1) provides reliable chirp parameter estimates.
A. Conventional Mach-Zehnder Electro-Optic Modulator
The conventional MZ-EOM characterized experimentally is a chirp-less standard device. In the characterization performed theoretically, the MZ-EOM is modeled as a chirp-less device, with the optical field characteristic given by [7] :
where P 0 is the maximum optical power at the modulator output, V b is the modulator bias point, V π is the drive voltage resulting in differential phase shift of π between the two modulator waveguides, V (t) is the voltage applied to the modulator arms and ΔV 1 is the voltage offset used to adjust the bias voltage of the theoretical MZ-EOM characteristic with the experimental one. 1) Power Characteristic: Fig. 2 shows the power characteristic of the MZ-EOM evaluated from eq. (2) (using V π =5 V, ΔV 1 =-3.3 V and setting V (t)=0) and measured experimentally. The results show a good agreement between the theoretical and experimental data, indicating that the theoretical MZ-EOM model presented in eq. (2) allows emulating rigorously the power characteristic of the actual MZ-EOM. 2) Chirp Characteristic: Fig. 3(a) presents the frequency response and the product f 2 u × L as a function of two times the resonance number considering the MZ-EOM biased at 0.88 V (quadrature point). Fig. 3(a) shows excellent agreement between the frequency responses calculated numerically and measured experimentally. Particularly, the resonance frequencies (dips on the frequency response curves) given by both approaches are very similar and, thus, accurate estimation of the chirp parameter through eq. (1) is expected. In order to confirm the linear behavior between the product f Fig. 4 shows the chirp parameter estimates, using eq. (1), as a function of the MZ-EOM bias voltage level. The chirp parameter evaluated from the experimental data shows that the chirp generated by the actual MZ-EOM is close to zero, independently of the bias voltage level. Therefore, it can be concluded that the actual MZ-EOM is adequately described in the simulation process by the chirp-less MZ-EOM model given by eq. (2). 
B. Linearized Electro-Optic Modulator
The analysis considers the experimental characterization of a linearized modulator based on a two section Y-fed directional coupler implemented with the use of electrode reversals. The improved modulator linearity is achieved by appropriate selection of the interaction lengths with respect to the coupling length of the waveguide section [8] . Fig. 5 shows the schematic diagram of the L-EOM architecture. The theoretical model presented in [8] is used to describe the output optical field as a function of the voltage level. The complex amplitude of the optical field at the output of the optical couplers is given by [8] :
where ρ 1 =0.5 and the matrix M i represents the field transmission in each section of the coupler:
The elements m ij of the matrix can be written as [8] :
where x i is the normalized voltage applied to the modulator arms (x 2 = −x 1 ) and s i is the normalized length of the i-th coupler section. The normalized voltage can be expressed as a function of the actual voltage, V , applied to each directional coupler section as: where Λ is a parameter related to the physical properties of the modulator and ΔV 2 is the voltage offset used to adjust the bias voltage of the theoretical L-EOM characteristic with the experimental one.
One of the main consequences of the modulator linearization is the chirp generation that may occur at the modulator. This effect can affect the performance of OFDM-UWB radio signals distribution over optical fiber as it can interact with the chromatic dispersion and change the performance degradation due to the power fading. Thus, the main target of this section is to confirm that the theoretical model of the L-EOM provides a good description of the power and chirp experimental data.
The parameters used in the theoretical model of the L-EOM are presented in Table I . 2) Chirp Characteristic: Fig. 7 presents results similar to Fig. 3 , but considering the L-EOM biased at -3.1 V (quadrature point) and at -2.0 V. The main conclusions drawn from the analysis of Fig. 7 are identical to the ones already mentioned regarding the MZ-EOM. Particularly, excellent agreement between the frequency response obtained theoretically and the one measured experimentally is observed, and the linear law given by eq. (1) is once again verified for experimental and theoretical results. As for the MZ-EOM case, the chirp parameter of the L-EOM can then be estimated theoretically and from experimental measurements using eq. (1). Fig. 8 depicts the chirp parameter of the L-EOM as a function of the modulator bias voltage. Theoretical and experimental results estimated from eq. (1) are shown. Fig. 8 shows that the chirp generated by the L-EOM cannot be neglected and the good agreement between both approaches allows concluding that the chirp is correctly characterized by the theoretical model. In addition, Fig. 8 shows also that the chirp parameter of the L-EOM is characterized by negative sign and, thus, when combined with the anomalous dispersion regime of the transmission fiber can lead to system bandwidth enhancement [9] .
C. Two-Tone Analysis
In this section, the two-tone performance of the MZ-EOM and the L-EOM is analyzed by considering two sinusoidal signals with frequencies of 4 GHz and 5 GHz. The link under study consists in the laser, the EOM, a spool of SSMF (dispersion parameter of 17 ps/nm/km) and the PIN photodetector. The EOMs are biased at the quadrature point, the optical average power launched into the fiber is 0 dBm and the optical fibre losses have been neglected. The study is performed by comparing the power ratio between the fundamental (1 st harmonic), and the 2 nd and the 3 rd order inter-modulation products (IMP) due to their higher power levels and frequencies (close to the fundamental). Fig. 9 depicts the RF output power of the 1 st harmonic and the 2 nd and 3 rd order IMP as a function of the RF input power, considering the spool of SSMF with 60 km. Fig. 9 shows that the power levels of the distortion components are significantly lower for the L-EOM than for the MZ-EOM due to the combined effect of the higher linearity of the L-EOM, the chirp introduced by the L-EOM and the fiber dispersion. These lower distortion power levels obtained with the L-EOM leads to higher spurious free dynamic range and provide an additional advantage for the wireless part of the system: even in the cases where it could appear a violation of the UWB spectral mask caused by the modulator nonlinearity (usually solved by using a band-pass filter at the PIN output), this issue can be further relaxed in LR-PONs employing L-EOMs rather than MZ-EOMs. Results in back-to-back operation were also obtained. Similar conclusions were taken and the major difference from Fig. 9 is that the main distortion component is imposed by the 3 rd rather than by the 2 nd order IMP.
III. DEPENDENCE OF THE OFDM-UWB SYSTEM PERFORMANCE ON THE MODULATOR TYPE
In this section, the system setup considered for the distribution of OFDM-UWB radio signals in long-reach PONs is described and the performance of the OFDM-UWB system employing MZ-EOM and L-EOM is evaluated by numerical simulation and discussed. All simulations performed in this work were developed in Matlab using suitable models internationally accepted by the scientific community to describe the different effects/devices. Fig. 10 depicts the equivalent system setup considered to describe the distribution of OFDM-UWB radio signals in LR-PONs. This equivalent system represents the downstream transmission of the OFDM-UWB radio signal from the headend office (where the electrical OFDM-UWB transmitter is located) until the optical network unit located at the user's premises. In the electrical transmitter, OFDM-UWB signals based on the ECMA standard and employing quadrature phase shift keying (QPSK) mapping are generated [10] . Each generated OFDM-UWB symbol consists in 128 sub-carriers from which 100 carry data information, 10 are used as pilot sub-carriers (for channel estimation), 6 are null sub-carriers to relax the filter requirements and 12 are guard sub-carriers. In addition, a zero padding sequence, composed also by 128 subcarriers, is applied to the inverse fast Fourier transform in order to get an OFDM-UWB signal with a brick-wall spectrum. The generated OFDM-UWB signal is composed by 32 OFDM-UWB symbols and the time duration of each symbol is 312.5 ns. The bandwidth occupied by the signal is 528 MHz and the maximum bit-rate of the QPSK mapping OFDM-UWB signal is 640 Mbit/s. Before up-conversion to the desired UWB sub-band, the I and Q signal components are filtered by 6 th order Bessel low-pass filters (LPF) (the bandwidth depends on whether single or multi UWB sub-band transmission is being analyzed) to reduce the high frequency aliasing signal com- ponents that appear due to the digital-to-analogue conversion. The study performed in this work considers OFDM-UWB signals transmitted in the first three UWB sub-bands with carrier frequencies of f RF =3.43 GHz, f RF =3.96 GHz and f RF =4.49 GHz. Only these sub-bands were selected as most of the current commercial UWB devices operate only in these frequencies. In the optical path, the electro-optic conversion is performed either by the MZ-EOM or by the L-EOM, depending on which system is under evaluation, and the EOMs are biased at the quadrature point. The optical signal is then launched with an average power of 0 dBm into a SSMF with dispersion parameter of 17 ps/nm/km. As low power levels and short distances are used, fiber transmission is linear. The optical amplifier that follows the fiber is used to compensate the losses introduced along the transmission while the noise loading circuit is used to set the desired OSNR level (defined in a reference optical bandwidth of 0.1 nm). This is achieved by setting the gain of the optical amplifier identical to the losses imposed by the variable optical attenuator. At the optical path output, the signal is filtered by a 2 nd order super-Gaussian optical filter with -3 dB bandwidth of 30 GHz in order to reduce the optical noise power and photodetected by a 1 A/W PIN. In the electrical receiver, the signal is down-converted and the I and Q signal components are filtered by LPFs identical to the ones used in the transmitter side. The received symbols are then obtained after fast Fourier transforming. The equalizer transfer function is estimated using a linear regression performed over the information provided by the pilot symbols (spread along the OFDM-UWB signal band) and the bit error probability (BEP) is evaluated after signal equalization and symbol demapping. The BEP is evaluated using the semi-analytical Gaussian approach proposed in [11] .
A. System Description
B. Optimization with Single UWB Sub-band Transmission
In this section, the optimum modulation index and the corresponding minimum OSNR required to achieve a BEP =10 −12 are evaluated for different fiber distances (indicated for LR-PONs [12] ) up to 100 km of SSMF and for the two modulators presented in section II. The optimization is performed for BEP =10 −12 because it is considered that the system is designed to ensure that the degradation introduced along the optical link can be neglected when compared with the one usually accepted for the wireless part. In addition, some results for BEP =10 −3 and 10 −6 are also shown in order to provide insight on the dependence of the optimization results on the desired BEP level. The analysis is performed considering each one of the three UWB sub-bands under study transmitted individually, and LPFs with a -3 dB bandwidth of 400 MHz are used. The two main purposes of the study performed are: (i) the evaluation and comparison of the system performance considering the electro-optic conversion performed by the MZ-EOM or by the L-EOM and (ii) the assessment of the influence of the chirp due to the L-EOM on the power fading degradation induced by chromatic dispersion. The modulation index of the electrical signal applied to the EOM is defined as m = V RMS / (V π /2), where V RMS is the root mean square voltage of the signal applied to the modulator.
The optimization procedure starts with the evaluation of the required OSNR to achieve a BEP=10 −12 as a function of the modulation index, for the back-to-back configuration and for different fiber link distances ranging from 10 km up to 100 km. From the results obtained for each link distance, the (optimum) modulation index that leads to the required OSNR minimization is identified. This procedure step is performed for the three UWB sub-bands under analysis. The next step of the procedure consists in representing the optimum modulation index and the corresponding minimum required OSNR as a function of the fiber length for the three UWB sub-bands. Additionally, the range of modulation index leading to a degradation of the required OSNR not exceeding 0.5 dB relative to the minimum OSNR is also evaluated. Fig. 11(a) , 11(b) and 11(c) show the optimum modulation index as a function of the link length for the UWB sub-bands 1, 2 and 3, respectively. Results obtained for both modulator types are presented and the vertical lines represent the range of modulation index leading to a degradation of the required OSNR not exceeding 0.5 dB relative to the minimum OSNR. From the comparison between the results obtained for the system employing the MZ-EOM and the L-EOM, two main outcomes are identified: (i) the optimum modulation index is approximately two times higher for the system using the L-EOM than for the system using the MZ-EOM; and (ii) the tolerance to modulation index variations is considerably higher for the L-EOM case than for the MZ-EOM. These effects occur due to the higher voltage range corresponding to the linear regime of the electro-optic conversion inherent to the L-EOM as it allows, on one hand, higher OFDM-UWB electrical power levels applied to the modulator arms with no additional distortion and, on other hand, lower distortion due to nonlinear operation than MZ-EOM when small variations of the modulation index occur. However, it should be stressed that the higher optimum modulation index required when the L-EOM is employed leads to a power consumption increase. Taking into account that there is no power consumption due to the DC bias voltage applied to the EOM as the intrinsic capacity blocks the current flow, that both modulators have similar V π voltages and that the optimum RMS RF voltage applied to the L-EOM is approximately twice the one applied to the MZ-EOM, the power consumption of the L-EOM is about 6 dB higher than the one required for the MZ-EOM. Results similar to the ones of Fig. 11(a) , 11(b) and 11(c) have been obtained also for BEP=10 −3 and 10 −6 . In these cases, the main conclusions concerning the modulation index optimization for systems employing the L-EOM or the MZ-EOM are similar to the ones indicated for BEP=10 −12 . However, it should be stressed that the optimum modulation index increases slightly (for both EOM types) when the BEP increases as higher noise power is present in the system. Fig. 11(d) depicts the minimum required OSNR, corresponding to the optimum modulation indexes, as a function of the link distance. The results are shown for MZ-EOM and L-EOM, for the three UWB sub-bands under analysis, and for BEP=10 −3 , 10 −6 and 10 −12 . The higher minimum required OSNR observed in back-to-back case for the system employing the L-EOM when compared with the MZ-EOM is due to the lower electro-optic conversion efficiency of the L-EOM and also due to the lower power of fundamental component caused by the higher harmonics power levels of the signal at L-EOM output when compared with the MZ-EOM. Frequency response of the optical transmission system using the MZ-EOM and the L-EOM for fiber lengths of 50 km and 100 km. Fig. 11(d) shows that, for the MZ-EOM, the minimum OSNR increases with the increase of the link distance and the UWB sub-band central frequency. This is due to the power fading induced by chromatic dispersion [3] . However, a different behavior occurs when the L-EOM is employed. In fact, in this case, the minimum required OSNR decreases when the link distance increases and can achieve an OSNR reduction around 2.5 dB (for the UWB sub-band 3 and a link distance of 100 km of SSMF) when compared with the minimum OSNR required by the system employing the MZ-EOM. This OSNR improvement is provided by the combined effect of the chirp generated in the L-EOM and the chromatic dispersion. These comments hold for the different BEP analyzed. To explain the improvement due to the chirp combined with chromatic dispersion, Fig. 12 shows the frequency response obtained This amplitude gain can achieve 2 dB, for both fiber lengths analyzed, when compared with the amplitude of the frequency response obtained with the MZ-EOM. The improvement of the OSNR requirements for the system employing the L-EOM observed in Fig. 11 is attributed, in part, to this effect and also to the influence of the chirp effect on the signal distortion.
In order to assess the influence of the chirp introduced by the L-EOM on the system performance, an analysis was accomplished by neglecting the chirp introduced by the L-EOM. The results revealed that, although the optimum modulation index and the tolerance to modulation index variations are still higher for the chirpless L-EOM case than for the MZ-EOM, the dependence of the minimum required OSNR obtained for the chirpless L-EOM on the fiber length is similar to the one obtained for the MZ-EOM. Thus, it can be concluded that the improvement of the required OSNR with distance when the L-EOM is employed is due to the chirp of the L-EOM.
All the results presented in this section consider that the DSB OFDM-UWB radio signals degradation induced by the phase noise due to the Kerr effect, due to the laser source and the degradation due to the fiber nonlinearities can be neglected. Further investigation showed that these assumptions remain valid in our settings while the average optical power launched into the fiber is lower than 12 dBm (for a SSMF with nonlinearity coefficient of 1.3 W −1 km −1 and loss coefficient of 0.19 dB/km) and the laser linewidth is lower than 10 MHz, respectively, as is usually the case in LR-PONs. In addition, it was also concluded that the phase noise due to the Kerr effect is relevant in our settings only for average optical powers at the fiber input higher than 16 dBm. 
C. Optimization with Three UWB Sub-bands Transmission
In this section, the optimum modulation index and the minimum required OSNR are evaluated considering a similar optimization procedure to the one described in section III-B. However, the study is performed considering the simultaneous transmission of the three UWB sub-bands under analysis and the optimization is accomplished by requiring a BEP=10 −12 for the OFDM-UWB signal transmitted in the sub-band with worst performance. The -3 dB bandwidth of the LPFs used in the transmitter and receiver is 300 MHz, as it represents a good compromise between the reduction of the crosstalk caused by the multi-channel transmission and the reduction of the amplitude of the OFDM-UWB sub-carriers due to the non-ideal frequency response of the filters.
The modulation index is defined for the total (three UWB sub-bands) radio-frequency signal. This means that, for a given modulation index, the RMS voltage of each one of the three OFDM-UWB signals generated at the electrical transmitter is reduced by a factor of √ 3 when compared with the single UWB sub-band transmission situation. Fig. 13 shows the optimum modulation index as a function of the link length for both modulator types and considering the UWB sub-bands 1, 2 and 3 distributed simultaneously over the optical fiber infrastructure. As for Fig. 11 , the vertical lines represent the range of modulation index leading to a degradation of the required OSNR not exceeding 0.5 dB relative to the minimum OSNR. It is shown that, as for the single UWB sub-band transmission, the optimum modulation index and the tolerance to modulation index variations are higher for the L-EOM than for the MZ-EOM, independently of the fiber length. The high tolerance of the L-EOM is of special interest for the network operators as it allows the distribution of OFDM-UWB radio signals with similar performance to user's premises located at different distances of the head-end office. The comparison between the results of Fig. 13 and Fig. 11 shows also that the optimum modulation index decreases slightly when the three UWB sub-bands are transmitted. This is due to the additional crosstalk caused by the multichannel transmission. The modulation index optimization for multi UWB sub-band transmission has been performed also for BEP=10 −3 and 10 −6 . Those results revealed identical conclusions to the ones obtained for those BEP levels in single UWB sub-band operation. Fig. 14 depicts the minimum required OSNR (to achieve BEP=10 −3 , 10 −6 and 10 −12 in the UWB sub-band with worst performance) corresponding to the optimum modulation indexes. The results of Fig. 14 show that the required OSNR for systems operating with three UWB sub-bands increases considerably (can achieve 6 dB in back-to-back configuration) when compared with single UWB sub-band systems (see Fig. 11(d) ), independently of the modulator type and BEP target. This OSNR increase is due to two main effects: i) although the optimum modulation index decreases slightly in multi-channel when compared with single-channel operation, the fraction of the RMS voltage level of the signal applied to the (L or MZ) EOM associated with each OFDM-UWB sub-band is lower (by a factor close to √ 3) in multi-band operation and ii) the additional crosstalk induced by multi-channel transmission. Fig. 14 shows also that, as for single-channel operation, the minimum required OSNR increases with the fiber distance when the MZ-EOM is employed. Instead, using the L-EOM, there is a reduction of the required OSNR up to a SSMF length in the range between 40 km and 50 km (depending on the BEP considered) due to the interaction of the chirp and the chromatic dispersion effects. In addition, despite an OSNR increase is observed for higher distances, lower OSNR penalty for a SSMF length of 100 km (when compared with back-to-back configuration) is obtained when the L-EOM is employed. This penalty is almost negligible if a BEP=10 −3 is considered.
IV. CONCLUSION
The performance comparison of OFDM-UWB radio signals distribution in LR-PONs employing conventional chirp-less Mach-Zehnder and linearized two section Y-fed directional coupler modulators has been performed considering single and three UWB sub-bands transmission. Theoretical models to describe the power and chirp characteristics of both modulators have been adjusted by comparison with experimental data and the performance of the OFDM-UWB system employing both modulator types has been optimized through numerical simulation. It has been shown that, in systems employing the L-EOM, the optimum modulation index is, approximately, two times higher than when MZ-EOM is employed. Additionally, the tolerance to modulation index variations is significantly higher for the L-EOM than for the MZ modulator. A further advantage of the L-EOM is that the required OSNR penalty (when compared with the back-to-back case) is lower for fiber lengths up to 100 km than it is for systems employing the MZ-EOM modulator. Currently, he is an Associate Professor of the UPV, teaching radio-communications-related subjects, and he is Head of the Optical Systems and Networks Unit at the VNTC. He has been leading VNTC activities in the European projects FP5-IST-TOPRATE and FP6-IST-UROOF. Currently he is the Coordinator of the projects FP7-IST-UCELLS and FP7-ICT-FIVER from January 2008 and January 2010 respectively. He has authored or co-authored more than 40 papers in leading international journals and conferences and has authored three patents. His current research interest includes optical and electro-optical processing techniques applied to optical transmission links and hybrid wireless-optical access networks.
Adolfo Cartaxo
received the degree of Licenciatura in Electrical and Computer Engineering, and
